Hasebe et al. Cell & Bioscience 2013, 3:18 
http://www.cellandbioscience.eom/content/3/1 /1 8 



RESEARCH Open Access 



Thyroid hormone-induced cell-cell interactions 
are required for the development of adult 
intestinal stem cells 

Takashi Hasebe 1 , Liezhen Fu 2 , Thomas C Miller 2 , Yu Zhang 2 , Yun-Bo Shi 2 * and Atsuko Ishizuya-Oka 1 * 



Abstract 

The mammalian intestine has long been used as a model to study organ-specific adult stem cells, which are 
essential for organ repair and tissue regeneration throughout adult life. The establishment of the intestinal epithelial 
cell self-renewing system takes place during perinatal development when the villus-crypt axis is established with 
the adult stem cells localized in the crypt. This developmental period is characterized by high levels of plasma 
thyroid hormone (T3) and T3 deficiency is known to impair intestinal development. Determining how T3 regulates 
adult stem cell development in the mammalian intestine can be difficult due to maternal influences. Intestinal 
remodeling during amphibian metamorphosis resembles perinatal intestinal maturation in mammals and its 
dependence on T3 is well established. A major advantage of the amphibian model is that it can easily be 
controlled by altering the availability of T3. The ability to manipulate and examine this relatively rapid and localized 
formation of adult stem cells has greatly assisted in the elucidation of molecular mechanisms regulating their 
formation and further revealed evidence that supports conservation in the underlying mechanisms of adult stem 
cell development in vertebrates. Furthermore, genetic studies in Xenopus laevis indicate that T3 actions in both the 
epithelium and the rest of the intestine, most likely the underlying connective tissue, are required for the formation 
of adult stem cells. Molecular analyses suggest that cell-cell interactions involving hedgehog and BMP pathways are 
critical for the establishment of the stem cell niche that is essential for the formation of the adult intestinal stem cells. 
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Introduction 

The intestinal epithelium is responsible for the principle 
physiological function of this organ: digestion and absorp- 
tion of nutrients. Throughout adult life, the vertebrate 
intestinal epithelium undergoes self-renewal through the 
proliferation of the adult stem cells. In mammals, the stem 
cells are localized in the crypt of intestine while the 
absorptive epithelial cells, the most abundant epithelial 
cell type, and secretory cells are present along the villus 
of the crypt- villus axis [1-4]. As the stem cells proliferate 
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in the crypt, their daughter cells migrate up along the 
crypt-villus axis and gradually differentiate into different 
types of epithelial cells, leading to the replacement of the 
entire epithelium once every 1-6 days in mammals [1,2,4]. 

While intestinal development occurs quite early during 
mammalian embryogenesis, the maturation of this adult 
epithelial self-renewing system takes place during the 
so-called postembryonic development [5-9], the perinatal 
period when plasma thyroid hormone (T3) level peaks 
[10,11]. While the underlying mechanism remains unclear, 
recent studies suggest that in mouse, the maturation 
involves the formation of adult stem cells that are dis- 
tinct from the embryonic/neonatal intestinal stem cells 
[5,6,9,12]. In addition, T3 is important for the develop- 
ment and/or function of the adult stem cells. T3 defi- 
ciency or knockout of T3 receptors (TRs), which mediate 
the transcriptional effects of T3 on target genes, decreases 
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the number of epithelial cells along the crypt-villus axis 
and proliferating crypt cells, leading to abnormal intestinal 
morphology [13-16]. Genetic studies in mouse suggest 
that TRocl, one of the two nuclear receptors for T3, con- 
trols intestinal development during maturation and also 
intestinal homeostasis in the adult by regulating the 
proliferation of intestinal stem cells [17-19]. 

Amphibian metamorphosis resembles postembryonic 
development in mammals [11,20]. This process is totally 
dependent on the presence of T3 [21-24]. Importantly, 
it can be easily manipulated by controlling the avail- 
ability of T3 to the tadpoles via either inhibiting endogen- 
ous T3 synthesis or adding exogenous, physiological levels 
of T3 to the tadpole rearing water. This makes amphib- 
ian metamorphosis a superior model to study the develop- 
mental mechanisms in vivo when compared to mammalian 
postembryonic development, where maternal influences 
complicate the studies on the embryos/neonates. 

The remodeling of the intestine during amphibian meta- 
morphosis resembles mammalian intestinal maturation. 
Like in mammals, the adult intestinal epithelium is con- 
stantly self-renewed, once every 2 weeks in Xenopus laevis 



[25]. The adult stem cells are localized at the bottom 
(trough) of the multiple folds (Figure 1), equivalent to 
the crypt in mammals, while the fully differentiated epi- 
thelial cells undergo apoptosis at the tip (crest) of the 
epithelial fold [25,26], again like the cell death at the tip 
of the villus in mammals. The formation of the adult in- 
testine takes place during amphibian metamorphosis 
when circulating T3 level peaks, just like the maturation 
of the mammalian intestine during the perinatal period. 
In amphibians such as Xenopus laevis and tropicalis, the 
premetamorphic tadpole intestine is a simple tubular 
structure made of mostly a single layer of larval epithe- 
lial cells with little connective tissue or muscles except 
in the single fold, the typhlosole, where the connective 
tissue is abundant (Figure 1) [25,27,28]. During metamor- 
phosis, the larval epithelial cells undergo T3-induced apop- 
tosis. Concurrently, some larval epithelial cells escape cell 
death and instead undergo dedifferentiation to become 
the adult progenitor/stem cells (Figure 1), which even- 
tually form an adult epithelium comprised of multiple 
folds surrounded by much thicker layers of connective 
tissue and muscles, resembling the adult mammalian 



Stage 57 

Prometamorphosis 



Stage 60 

Metamorphic climax 



Stage 66 

End of metamorphosis 




Figure 1 Intestinal remodeling during Xenopus metamorphosis as a model to study the formation of adult stem cells during 
vertebrate development. The illustration (top) depicts the straightening and shortening of the larval intestine during frog metamorphosis. The 
connective tissue (CT) and muscle (MU) layers increase in size during remodeling while the larval epithelial cells (LE) undergo apoptosis (red cells) 
or dedifferentiate into adult progenitor/stem cells (dark blue) which rapidly proliferate to form a more folded, mammalian-like epithelial surface 
with stem cells located at the troughs between epithelial folds. Cross-sections (beiow) of the intestine at different stages of Xenopus laevis 
development were stained with pyronin-Y (red staining) and methyl green (blue staining). During the early stage of metamorphosis 
(prometamorphosis), e.g., stage 57, the intestine is made of mostly a monolayer of larval epithelial cells with little connective tissue (CT) or 
muscles (MU) except within the single fold, the typhlosole, where CT is abundant. The epithelial cells are moderately stained red. At the climax of 
metamorphosis (stage 60), most of the larval epithelial cells undergo apoptosis and become stained much weaker. At this stage, strong pyronin-Y 
signals are strictly localized in the proliferating adult epithelial progenitor/stem cells within the islets (I, arrows). The CT and MU develop 
extensively during metamorphic climax. By the end of metamorphosis (stage 66), the adult epithelium with multiple folds is formed, with the 
adult stem cells localized to the trough of the epithelial fold, equivalent to the crypt in the adult mammalian intestine. LE: larval/tadpole 
epithelium, AE: adult epithelium, CT: connective tissue, MU: muscles, I: islets (clusters of proliferating adult epithelial progenitor/stem cells). 
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intestine. Thus, intestinal metamorphosis offers a 
unique opportunity to investigate the mechanisms 
governing the formation of the adult intestinal stem 
cells during vertebrate development. 

A requirement for tissue-tissue interactions during 
intestinal metamorphosis 

During metamorphosis the intestinal epithelium under- 
goes a dramatic change involving essentially the complete 
degeneration of the larval epithelium through apoptosis 
followed by de novo development of the adult epithelium 
(Figure 1) [27]. The other major tissues, the connective 
tissue and muscles, also change extensively, most notice- 
ably the increase in the thickness of the tissue layers 
(Figure 1) [25,27,28]. Interestingly, a number of studies 
indicate that the changes in different tissues depend on 
tissue-tissue interactions, especially at the epithelium- 
connective tissue interface. First, the extracellular matrix 
(ECM) is known to influence cell fate and behavior 
through direct interactions with cells through cell sur- 
face receptors such as integrins and also by regulating 
the availability of extracellular signaling molecules such 
as growth factors [29-33]. The intestinal epithelium is 
separated from the underlying connective tissue by a 
special ECM, the basement membrane or basal lamina. 
In premetamorphic tadpoles or frogs, the basal lamina 
is thin but continuous. During metamorphosis, it be- 
comes much thicker and amorphous [27,34,35]. This 
ECM appears to be more permeable as reflected by 1) 
the migration of macrophages from the connective tis- 
sue across the basal lamina to the epithelium, where 
they participate in the removal of the apoptotic cells 
[36], and 2) frequently observed contacts between pro- 
liferating adult epithelial progenitor/stem cells and fibro- 
blasts in the connective tissue [35]. Thus, ECM remodeling 
likely plays an important role in intestinal remodeling by 
regulating cell-cell and cell-ECM interactions. 

Second, studies using primary cultures of tadpole in- 
testinal cells have provided direct support for a role of 
ECM in adult epithelial development. When isolated 
premetamorphic tadpole intestinal epithelial and fibro- 
blastic cells were cultured in vitro on plastic dishes, T3 
treatment led to proliferation of both cell types and at 
the same time caused the epithelial cells, but not the 
fibroblasts, to undergo apoptosis [37,38], resembling 
what occurs during metamorphosis. When the plastic 
dishes were coated with ECM proteins such as laminin 
and fibronectin, the T3-induced epithelial cell death 
was reduced [37]. These results suggest that ECM affects 
cell fate during metamorphosis. Since the basal lamina, 
the ECM that separates the epithelium and the connective 
tissue, is made of proteins secreted by both the epithelium 
and connective tissue, these findings suggest that ECM 
remodeling and changes in the connective tissue during 



intestinal metamorphosis can influence epithelial cell 
response to T3. 

The extensive contacts between developing adult epi- 
thelial progenitor/stem cells and the fibroblasts in the 
underlying connective tissue at the climax of intestinal 
metamorphosis support the importance of cell-cell 
interactions for this process. In vitro organ culture 
studies have provided direct evidence to support an 
interdependence of epithelium and connective tissue 
for their respective changes during metamorphosis [39,40]. 
Of particular relevance to adult stem cell development 
is the observation that when anterior intestinal frag- 
ments of premetamorphic Xenopus laevis tadpoles were 
cultured in vitro in the presence of T3, the intestine 
underwent normal metamorphic changes, including lar- 
val epithelial apoptosis and the development of the adult 
progenitor/stem cells [39]. In contrast, when posterior 
intestinal fragments were cultured similarly in vitro, 
only larval cell death but no adult epithelial progenitor/ 
stem cell formation was observed. The major difference 
between the anterior and posterior small intestine in 
Xenopus laevis tadpoles is the presence of the typhlosole, 
where the connective tissue is abundant, in the anterior 
but not posterior intestine. The formation and maturation 
of adult epithelial tissue occurs initially at the anterior end 
of the intestine during metamorphosis [41]. These suggest 
that the connective tissue is important for the develop- 
ment of the adult epithelium. Consistently, when posterior 
intestinal epithelium was recombined with the rest of the 
intestine (the non-epithelium) of the anterior intestine to 
generate a recombinant organ culture, T3 treatment now 
could produce adult progenitor/stem cells. Conversely, 
when anterior epithelium was recombined with posterior 
non-epithelium, only epithelial cell death was induced by 
T3 [39]. Thus, the non-epithelial cell layers in the intestine 
play an essential role, likely by contributing to the forma- 
tion of a niche with appropriate signals for the induction 
of epithelial stem cells during metamorphosis. 

Gene regulation by T3 during intestinal metamorphosis 

T3 functions by regulating gene transcription through 
TRs, which are DNA binding transcription factors be- 
longing to the nuclear receptor superfamily [42-45]. 
Notably, studies on Xenopus laevis metamorphosis have 
shown that TR mediates target gene regulation by T3 
during development and is both necessary and sufficient 
for amphibian metamorphosis [23,24,46-55]. Mechanis- 
tically, TR functions by recruiting cofactor complexes to 
T3 target genes to regulate transcription and many TR- 
interacting proteins have been characterized biochem- 
ically and in cell cultures [43,56-76]. These cofactor 
complexes function in part through histone modification 
and chromatin remodeling [73-77]. Molecular and gen- 
etic studies on Xenopus development have shown that in 
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premetamorphic tadpoles, unliganded TR recruits core- 
pressor complexes to endogenous T3-inducible genes to 
repress their expression and prevent premature meta- 
morphosis [48,78-80]. When T3 is available, the binding 
of T3 to TR leads to the release of the corepressor com- 
plexes and the recruitment of the coactivator complexes. 
This results in gene activation and metamorphic trans- 
formation of different organs/tissues [81-86]. 

Many of the genes regulated by T3 during Xenopus 
laevis intestinal metamorphosis have been identified by 
various methods over the years [87-91]. Some are dir- 
ectly regulated at the transcription level by TR while 
others are indirectly regulated, downstream T3-response 
genes involved in intestinal transformation. Importantly, 
gene ontology analysis of genome-wide microarray data 
revealed that T3 response genes are highly enriched 
within functional categories that correlate well with both 
larval cell death and adult stem cell development in the 
intestine [88,90], supporting the involvement of these 
genes during intestinal metamorphosis. Interestingly, 
when expression of some of these genes were analyzed 
during intestinal development in Xenopus tropicalis, a 
species highly related to Xenopus laevis, the regulation 
patterns were found to be conserved [92-97], consistent 
with the similar changes in the intestine during Xenopus 
tropicalis metamorphosis [98]. Furthermore, for most of 
the genes that are highly upregulated in the Xenopus 
laevis intestine only at the climax of metamorphosis 
(stage 61), their mouse homologs also have their peak 
levels of expression in the intestine within the first 2 weeks 
after birth [90,99], when the mouse intestine matures 
into the adult form and plasma T3 levels are high. Thus, 
there is likely a conservation of T3-dependent gene regu- 
lation programs in the formation of the adult intestine 
in vertebrates. 

T3 regulation of cell-cell and cell-ECM interactions during 
intestinal metamorphosis 

Tissue-specific requirements for T3 action in adult stem cell 
development 

Organ culture studies as reviewed above have suggested 
that the non-epithelium, most likely the connective tissue, 
is required for T3-induced formation of adult progenitor/ 
stem cells during intestinal metamorphosis. Gene expres- 
sion analyses have shown that many genes are regulated 
by T3 in the epithelium or connective tissue or both. To 
investigate whether T3 actions in the epithelium and non- 
epithelium have specific roles in adult intestinal stem cell 
development, we made use of a transgenic Xenopus laevis 
line that expresses a dominant positive TR under the 
control of a heat shock-inducible promoter for organ 
culture studies. The dominant positive TR could not 
bind to T3 but functioned as a constitutively liganded 
TR to induce metamorphosis when expressed after heat 



shock treatment of premetamorphic tadpoles [49]. Thus, 
to selectively activate T3 signaling in the epithelium or 
the non-epithelium (the rest of the intestine), we could 
recombine the epithelium or the non-epithelium of the 
intestine of premetamorphic transgenic tadpole with 
non-epithelium or the epithelium of wild type siblings, 
respectively, and subject the recombinants to heat shock 
treatment. This led to the expression of the dominant 
positive TR in the transgenic tissues while the endogen- 
ous wild type TR remained unliganded in both the wild 
type and transgenic tissues. Using such an approach, we 
recently showed that expression of the dominant posi- 
tive TR in the epithelium alone led to the formation of 
epithelial cells expressing Sonic hedgehog (Shh), which 
is highly expressed in the developing adult progenitor/ 
stem cells during intestinal metamorphosis, as well as 
larval epithelial apoptosis, mimicking natural develop- 
ment [100]. Expression of the dominant positive TR in 
the non-epithelium, however, did not lead to the forma- 
tion of epithelial cells expressing Shh, although larval 
epithelial apoptosis was induced. Interestingly, expres- 
sion analyses of markers for adult mammalian intestinal 
stem cells showed that the Shh positive cells formed 
upon dominant positive TR expression in the epithelium 
alone were not true stem cells, and expectedly, such re- 
combinant cultures failed to form differentiated adult 
epithelium after extended culturing. On the other hand, 
when dominant positive TR was expressed in both the 
epithelium and non-epithelium, the Shh positive cells 
also expressed the stem cell markers of adult intestine 
and the corresponding recombinant organ cultures de- 
veloped differentiated adult epithelium after extended 
culturing [100]. 

The above findings as well as other studies suggest that 
during metamorphosis, T3 signals in the larval epithelium 
and the rest of the intestine (the non-epithelium), mostly 
the connective tissue, have distinct effect on epithelial 
transformations (Figure 2). T3 action in either the epithe- 
lium or non-epithelium can cause larval epithelial apop- 
tosis, the fate for most of the larval epithelial cells. Some 
of the larval epithelial cells, instead of undergoing apop- 
tosis, begin to dedifferentiate and express Shh upon T3 
induction. However, in the absence of T3 signaling in the 
non-epithelium, such cells cannot become stem cells or 
develop into the adult epithelium. T3 action in non- 
epithelium, most likely the connective tissue, is thus 
required for adult stem cell development, presumably 
through interactions with the epithelium and the estab- 
lishment of the stem cell niche [100] (Figure 2). 

A role of T3-induced MMPs in the connective tissue for 
epithelial transformation 

As discussed above, the ECM remodeling is likely im- 
portant for intestinal metamorphosis. EMC remodeling 
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Figure 2 A model for T3 actions for the metamorphic transformation of Xenopus laevis intestine. During metamorphosis, T3 acts directly 
(1) on the larval epithelium as well as (2) on the rest of the intestine (the non-epithelium), mostly the connective tissue. Most of the larval 
epithelial cells are induced to undergo programmed cell death by either one of the two T3 actions: T3-induced cell autonomous apoptosis vs. 
apoptosis induced by ECM remodeling and cell-cell interaction due to T3 action in the non-epithelium. On the other hand, a small number of 
cells within the larval epithelium undergo dedifferentiation upon receiving the T3 signal. However, T3 action in these cells alone cannot induce 
the formation of adult stem cells, unless T3 action in the non-epithelium is also present. This suggests that T3-induced tissue interactions are 
required for the establishment of the stem cell niche, via ECM remodeling and cell-cell interaction, to enable the dedifferentiated epithelial cells 
to become stem cells. See [100] for details. 



is largely mediated by matrix metalloproteinases (MMPs), 
a superfamily of Zn-dependent membrane-bound or 
secreted endopeptidases [101-108]. MMPs can affect cell 
fate and behavior through multiple mechanisms by cleav- 
ing protein components of the ECM as well as many 
non-ECM extracellular or membrane-bound proteins 
[101,104,109-111]. 

MMPs have long been implicated in amphibian meta- 
morphosis. In fact, the first MMP, collagenase, was iso- 
lated as a collagen-degradation enzyme from the resorbing 
tadpole tail [112]. Gene expression studies have shown 
that essentially all MMPs analyzed so far are upregulated 
at least in some organs during amphibian metamorphosis 
[87,108,113-117]. Most of them are highly expressed in 
the intestine at the climax of metamorphosis [87,113-115], 
when ECM remodeling takes place [27] . The most studied 
among them is the MMP stromelysin-3 (ST3). ST3 is dir- 
ectly upregulated by T3 at the transcription level and is 
one of the first MMPs to be upregulated during natural in- 
testinal remodeling, before the onset of epithelial cell 
death (by stage 58) [87,114-116,118]. Spatially, ST3 mRNA 
and protein are expressed in the fibroblasts within the 
connective tissue [114,119], suggesting that ST3 is one of 
the connective tissue genes that affect epithelial trans- 
formation by altering cell-cell and cell-ECM interactions. 
In support of this, when a functional blocking polyclonal 
antibody against Xenopus laevis ST3 was added to the T3- 



treated organ cultures of premetamorphic intestine, it 
inhibited T3-induced ECM remodeling and larval epithe- 
lial cell death [120]. In addition, after extended T3 treat- 
ment of the organ cultures, adult epithelial progenitor/ 
stem cells were formed as clusters of cells or islets that 
expanded three dimensionally in T3-treated organ cul- 
tures. In the presence of the antibody, the T3-induced 
formation and proliferation of progenitor/stem cells still 
occurred. However, the adult epithelial islets expanded 
only laterally along the epithelium-connective tissue 
interface but failed to invade into the connective tissue 
[120], a process probably essential for adult epithelial 
fold formation during intestinal metamorphosis. Thus, 
ST3 is likely important, not only for ECM remodeling 
and larval cell death, but also for cell migration during 
the development of the adult intestine [120]. 

Complementary to the organ culture studies, trans- 
genic overexpression of ST3 under the control of a heat 
shock-inducible promoter [121] in premetamorphic tad- 
poles resulted in larval epithelial cell apoptosis, activa- 
tion of fibroblasts, and contacts between epithelial cells 
and fibroblasts in the intestine [122], mimicking changes 
during natural metamorphosis. In addition, the basal 
lamina separating the epithelium and connective tissue 
was also altered by transgenic expression of ST3 in 
premetamorphic tadpoles [122]. These and other find- 
ings indicate that ST3 expression alone is sufficient to 
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induce some although not all T3-induced metamorphic 
program in the intestine [122], supporting an important 
role of T3 action in the connective tissue for epithelial 
transformations. 

The exact mechanism by which ST3 functions remains 
to be investigated. Compared to other MMPs, ST3 has 
much weaker activities toward known ECM proteins but 
much higher activities toward a few non-ECM proteins 
such as al-protease inhibitor, at least in vitro [123-125]. 
Interestingly, we have discovered that ST3 cleaves the 
67 kd laminin receptor both in vitro and during meta- 
morphosis [126-128] and more importantly, this cleavage 
correlates with T3-induced apoptosis in the intestinal epithe- 
lium and tail epidermis [127,128]. Transgenic overexpression 
of ST3 caused apoptosis in both tail epidermis and mus- 
cles [128]. However, little 67 kd laminin receptor could be 
detected in the tail muscles. Thus, ST3 may affect cell fate 
during metamorphosis through multiple mechanisms. 

T3-induced signaling pathways mediating cell-cell 
interactions during adult epithelial development 

A number of signal transduction pathways have been 
shown to be important for intestinal development in 
mammals. Among them are the Shh, WNT, BMP, and 
Notch pathways [3,4,129,130]. Some of them are involved 
in the development of the adult stem cells during intes- 
tinal metamorphosis. Shh is one of the first T3 response 
genes identified in the metamorphosing Xenopus laevis 
intestine [87,131]. It is directly induced by T3 at the 
transcription level as one of the earliest events during 
intestinal remodeling. Shh mRNA is highly upregulated 
at the climax of intestinal metamorphosis and then 
downregulated by the end of metamorphosis. It is spe- 
cifically expressed in the intestinal epithelium and its 
expression correlates with the formation of the adult 
intestinal progenitor/stem cells [132]. We have recently 
analyzed the regulation of other components of this 
signaling pathway during natural and T3-induced intes- 
tinal remodeling [133]. These included Shh receptor 
proteins Patched (Ptc)-l and Smoothened (Smo) and 
the three related, downstream transcription factors 
GUI, Gli2 and Gli3. We found that like Shh, all were 
transiently up-regulated during intestinal metamor- 
phosis. Interestingly, all were expressed in the connective 
tissues but not the epithelium. Thus, the epithelium- 
expressed Shh acts in a paracrine manner on the con- 
nective tissues during metamorphosis. In fact, by using 
intestinal organ cultures, we showed that overexpression 
of Shh upregulated the expression of Ptc-1, Smo, and Glis, 
even in the absence of T3, indicating that these compo- 
nents themselves are among Shh targets during intestinal 
remodeling [133]. More importantly, addition of recom- 
binant Shh protein to the organ culture medium 
resulted in the activation of cell proliferation in both the 



epithelium and connective tissue in the absence of T3. 
In the presence of T3, developmental anomalies in the 
adult epithelium were caused by the addition of Shh. 
Thus, T3-upregulated expression of Shh regulates the 
development of the adult intestine, with high levels 
of Shh correlating with the formation and/or prolifer- 
ation of the progenitor/stem cells and subsequent 
downregulation being important for the differenti- 
ation of the adult epithelial cells toward the end of 
metamorphosis [132]. 

In addition to Shh, bone morphogenetic protein-4 
(BMP-4), a member of the TGFp 1 superfamily of signal- 
ing molecules, is also a T3 response gene [134]. BMP-4 
is specifically expressed in the connective tissue and its 
expression temporally correlates with adult epithelial de- 
velopment in the Xenopus laevis intestine. Furthermore, 
BMPR-IA, a type I receptor of BMP-4, is expressed in 
both the developing connective tissue and progenitor/ 
stem cells of the adult epithelium during metamorphosis, 
suggesting that BMP-4 affects both the connective tissue 
and adult epithelium during intestinal metamorphosis. 
Consistently, in intestinal organ culture, the addition of 
BMP-4 protein not only repressed cell proliferation in the 
connective tissue but also promoted differentiation of the 
adult epithelial cells [135]. Moreover, the addition of 
excessive Chordin, an antagonist of BMP-4, resulted in 
a decrease of adult epithelial cells in number and pro- 
liferation. This suggests that a certain level of BMP-4 
may be necessary for the maintenance of the adult 
stem cells. 

BMP-4 is a known target of Shh during mammalian 
gut development [136-138]. Like in mammals, Shh also 
induces the connective tissue-specific expression of BMP- 
4 during Xenopus metamorphosis [135]. Thus, the Shh 
and BMP-4 signaling pathways interact with each other to 
mediate epithelial-connective tissue interactions to affect 
intestinal metamorphosis. That is, Shh is directly induced 
by T3 in the adult progenitor/stem cells. The secreted Shh 
enhances the formation and/or proliferation of the pro- 
genitor/stem cells through yet unknown mechanism. At 
the same time it signals the connective tissue to increase 
the expression of Shh signaling components, thus provid- 
ing a positive feedback on its own signaling, and to induce 
the expression of BMP-4. The connective tissue-derived 
BMP-4, in turn, represses cell proliferation in the connect- 
ive tissue and promotes adult epithelial cell differentiation, 
both of which take place toward the end of intestinal 
metamorphosis [135]. 

Conclusion 

The mammalian adult intestinal stem cells have long 
been used as a model to study tissue renewal and stem 
cell maintenance. The establishment of the self-renewing 
system of the intestinal epithelium is largely conserved 
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in vertebrates. It takes place during the postembryonic 
period when plasma T3 levels are high, and more import- 
antly, depends on T3. In amphibians, this postembryonic 
period is the T3-dependent metamorphosis. Increasing 
evidence indicates that the formation of the self-renewing 
epithelium of the adult intestine involves the formation of 
the adult intestinal stem cells that are distinct from the 
larval/neonatal intestinal epithelial stem cells across verte- 
brate species. Analyses of Xenopus intestinal metamor- 
phosis have led to the identification of many T3 response 
genes that are likely involved in the development of the 
adult stem cells and many such genes, such as those of the 
Shh and BMP-4 signaling pathways, likely have similar 
functions during the maturation of the adult intestine in 
mammals. A major future challenge will be to investigate 
the functions of such genes in vivo. The recent advance- 
ments in gene knockout studies in Xenopus by using 
gene-specific nucleases [139,140] undoubtedly enhance 
the value of the amphibian model for studying the 
molecular mechanisms of organ-specific adult stem 
cell development. 

Competing interests 

The authors declare that they have no competing interest. 
Authors' contributions 

All authors participated in the writing of the review. All authors read and 
approved the final manuscript. 

Acknowledgement 

This research was supported in part by the Intramural Research Program of 
NICHD, NIH. 

Received: 2 January 2013 Accepted: 8 March 2013 
Published: 1 April 2013 

References 

1 . MacDonald WC, Trier JS, Everett NB: Cell proliferation and migration in the 
stomach, duodenum, and rectum of man: Radioautographic studies. 

Gastroenterology 1964, 46:405-417. 

2. Toner PG, Carr KE, Wyburn GM: The Digestive System: An Ultrastructural Atlas 
and Review. London: Butterworth; 1971. 

3. Sancho E, Eduard Batlle E, Clevers H: Signaling pathways in intestinal 
development and cancer. Annu Rev Cell DevBiol 2004, 20:695-723. 

4. van der Flier LG, Clevers H: Stem cells, self-renewal, and differentiation in 
the intestinal epithelium. Annu Rev Physiol 2009, 71:241-260. 

5. Harper J, Mould A, Andrews RM, Bikoff EK, Robertson EJ: The transcriptional 
repressor Blimpl/Prdml regulates postnatal reprogramming of intestinal 
enterocytes. Proc Natl Acad Sci USA 2011, 108:10585-10590. 

6. Muncan V, Heijmans J, Krasinski SD, Buller NV, Wildenberg ME, Meisner S, 
Radonjic M, Stapleton KA, Lamers WH, Biemond I, et al: Blimpl regulates 
the transition of neonatal to adult intestinal epithelium. Nat Commun 
2011,2:452. 

7. Crosnier C, Stamataki D, Lewis J: Organizing cell renewal in the intestine: 
stem cells, signals and combinatorial control. Nat Rev Genet 2006, 7:349-359. 

8. Shi YB, Hasebe T, Fu L, Fujimoto K, Ishizuya-Oka A: The development of the 
adult intestinal stem cells: Insights from studies on thyroid hormone- 
dependent amphibian metamorphosis. Cell Biosci 201 1, 1:30. 

9. Ishizuya-Oka A, Shi YB: Evolutionary insights into postembryonic 
development of adult intestinal stem cells. Cell Biosci 201 1, 1:37. 

10. Friedrichsen S, Christ S, Heuer H, Schafer MKH, Mansouri A, Bauer K, Visser 
TJ: Regulation of iodothyronine deiodinases in the Pax8-/- mouse 
model of congenital hypothyroidism. Endocrinology 2003, 144:777-784. 

1 1. Tata JR: Gene expression during metamorphosis: an ideal model for 
post-embryonic development. Bioessays 1993, 15:239-248. 



12. Sun G, Shi Y-B: Thyroid hormone regulation of adult intestinal stem cell 
development: Mechanisms and evolutionary conservations. Int J Biol Sci 
2012, 8:1217-1224. 

13. Plateroti M, Gauthier K, Domon-Dell C, Freund JN, Samarut J, Chassande 0: 
Functional interference between thyroid hormone receptor alpha 
(TRalpha) and natural truncated TRDeltaalpha isoforms in the control of 
intestine development. Mol Cell Biol 2001, 21:4761-4772. 

14. Flamant F, Poguet AL, Plateroti M, Chassande O, Gauthier K, Streichenberger N, 
Mansouri A, Samarut J: Congenital hypothyroid Pax8(-/-) mutant mice can 
be rescued by inactivating the TRalpha gene. Mol Endocrinol 2002, 16:24-32. 

15. Kress E, Rezza A, Nadjar J, Samarut J, Plateroti M: The frizzled-related sFRP2 
gene is a target of thyroid hormone receptor alphal and activates beta- 
catenin signaling in mouse intestine. J Biol Chem 2009, 284:1234-1241. 

16. Plateroti M, Chassande 0, Fraichard A, Gauthier K, Freund JN, Samarut J, 
Kedinger M: Involvement of T3Ralpha- and beta-receptor subtypes in 
mediation of T3 functions during postnatal murine intestinal 
development. Gastroenterology 1999, 116:1367-1378. 

17. Plateroti M, Kress E, Mori Jl, Samarut J: Thyroid hormone receptor alphal 
directly controls transcription of the beta-catenin gene in intestinal 
epithelial cells. Mol Cell Biol 2006, 26:3204-3214. 

18. Sirakov M, Skah S, Nadjar J, Plateroti M: Thyroid hormone's action on 
progenitor/stem cell biology: New challenge for a classic hormone? 
Biochim Biophys Acta 2013. in press. 

19. Sirakov M, Plateroti M: The thyroid hormones and their nuclear receptors 
in the gut: from developmental biology to cancer. Biochim Biophys Acta 
1812, 2011:938-946. 

20. Shi Y-B: Amphibian Metamorphosis: From morphology to molecular biology. 
New York: John Wiley & Sons, Inc.; 1999. 

21 . Dodd MHI, Dodd JM: The biology of metamorphosis. In Physiology of the 
amphibia. Edited by Lofts B. New York: Academic Press; 1976:467-599. 

22. Gilbert LI, Tata JR, Atkinson BG: Metamorphosis: Post-embryonic 
reprogramming of gene expression in amphibian and insect cells. New York 
Academic Press; 1996. 

23. Sachs LM, Damjanovski S, Jones PL, Li Q, Amano T, Ueda S, Shi YB, Ishizuya- 
Oka A: Dual functions of thyroid hormone receptors during Xenopus 
development. Comp Biochem Physiol B Biochem Mol Biol 2000, 126:199-21 1. 

24. Shi Y-B: Molecular biology of amphibian metamorphosis: A new 
approach to an old problem. Trends Endocrinol Metab 1994, 5:14-20. 

25. McAvoy JW, Dixon KE: Cell proliferation and renewal in the small 
intestinal epithelium of metamorphosing and adult Xenopus laevis. 
JExpZool 1977, 202:129-138. 

26. Ishizuya-Oka A, Ueda S: Apoptosis and cell proliferation in the Xenopus 
small intestine during metamorphosis. Cell Tissue Res 1996, 286:467-476. 

27. Shi Y-B, Ishizuya-Oka A: Biphasic intestinal development in amphibians: 
Embryogensis and remodeling during metamorphosis. Current Topics in 
Develop Biol 1 996, 32:205-235. 

28. Ishizuya-Oka A, Shimozawa A: Development of the connective tissue in 
the digestive tract of the larval and metamorphosing Xenopus laevis. 
AnatAnz 1987, 164:81-93. 

29. Vukicevic S, Kleinman HK, Luyten FP, Roberts AB, Roche NS, Reddi AH: 
Identification of multiple active growth factors in basement membrane 
Matrigel suggests caution in interpretation of cellular activity related to 
extracellular matrix components. Exp Cell Res 1992, 202:1-8. 

30. Schmidt JW, Piepenhagen PA, Nelson WJ: Modulation of epithelial 
morphogenesis and cell fate by cell-to-cell signals and regulated cell 
adhesion. Seminars in Cell Biol 1 993, 4:1 61 -1 73. 

31 . Brown KE, Yamada KM: The role of integrins during vertebrate 
development. Seminars in Develop Biol 1 995, 6:69-77. 

32. Werb Z, Sympson CJ, Alexander CM, Thomasset N, Lund LR, MacAuley A, 
Ashkenas J, Bissell MJ: Extracellular matrix remodeling and the regulation 
of epithelial- stromal interactions during differentiation and involution. 
Kidney Int Suppl 1 996, 54:S68-74. 

33. Shi Y-B, Li Q, Damjanovski S, Amano T, Ishizuya-Oka A: Regulation of 
apoptosis during development: Input from the extracellular matrix. Intern 
J of Mol Medicine 1998, 2:273-282. 

34. Murata E, Merker HJ: Morphologic changes of the basal lamina in the 
small intestine of Xenopus laevis during metamorphosis. Acta Anat 1991, 
140:60-69. 

35. Ishizuya-Oka A, Shimozawa A: Ultrastructural changes in the intestinal 
connective tissue of Xenopus laevis during metamorphosis. J Morphol 
1987, 193:13-22. 



Hasebe et al. Cell & Bioscience 2013, 3:18 
http://www.cellandbioscience.eom/content/3/1 /1 8 



Page 8 of 10 



36. Ishizuya-Oka A, Shimozawa A: Programmed cell death and heterolysis of 
larval epithelial cells by macrophage-like cells in the anuran small 
intestine in vivo and in vitro. J Morphol 1 992, 21 3:1 85-1 95. 

37. Su Y, Shi Y, Stolow M, Shi Y-B: Thyroid hormone induces apoptosis in 
primary cell cultures of tadpole intestine: cell type specificity and effects 
of extracellular matrix. J Cell Biol 1 997, 1 39:1 533-1 543. 

38. Su Y, Shi Y, Shi Y-B: Cyclosporin a but not FK506 inhibits thyroid 
hormone-induced apoptosis in xenopus tadpole intestinal epithelium. 
EASEBJmi, 1 1:559-565. 

39. Ishizuya-Oka A, Shimozawa A: Connective tissue is involved in adult 
epithelial development of the small intestine during anuran 
metamorphosis in vitro. Roux's Arch Dev Biol 1992, 201:322-329. 

40. Ishizuya-Oka A, Shimozawa A: Inductive action of epithelium on 
differentiation of intestinal connective tissue of Xenopus laevis tadpoles 
during metamorphosis in vitro. Cell Tissue Res 1994, 277:427-436. 

41. Ishizuya-Oka A, Ueda S, Damjanovski S, Li Q, Liang VC, Shi Y-B: 
Anteroposterior gradient of epithelial transformation during amphibian 
intestinal remodeling: immunohistochemical detection of intestinal fatty 
acid-binding protein. Dev Biol 1997, 192:149-161. 

42. Lazar MA: Thyroid hormone receptors: multiple forms, multiple 
possibilities. EndocrRev 1993, 14:184-193. 

43. Yen PM: Physiological and molecular basis of thyroid hormone action. 
Physiol Rev 2001, 81:1097-1142. 

44. Tsai MJ, O'Malley BW: Molecular mechanisms of action of steroid/thyroid 
receptor superfamily members. Ann Rev Biochem 1994, 63:451-486. 

45. Laudet V, Gronemeyer H: The nuclear receptor FactsBook. San Diego: 
Academic Press; 2002. 

46. Schreiber AM, Das B, Huang H, Marsh-Armstrong N, Brown DD: Diverse 
developmental programs of Xenopus laevis metamorphosis are 
inhibited by a dominant negative thyroid hormone receptor. PNAS 2001, 
98:10739-10744. 

47. Brown DD, Cai L: Amphibian metamorphosis. Dev Biol 2007, 306:20-33. 

48. Buchholz DR, Hsia VS-C, Fu L, Shi Y-B: A dominant negative thyroid 
hormone receptor blocks amphibian metamorphosis by retaining 
corepressors at target genes. Mol Cell Biol 2003, 23:6750-6758. 

49. Buchholz DR, Tomita A, Fu L, Paul BD, Shi Y-B: Transgenic analysis reveals 
that thyroid hormone receptor is sufficient to mediate the thyroid 
hormone signal in frog metamorphosis. Mol Cell Biol 2004, 24:9026-9037. 

50. Buchholz DR, Paul BD, Fu L, Shi YB: Molecular and developmental analyses 
of thyroid hormone receptor function in Xenopus laevis, the African 
clawed frog. Cen Comp Endocrinol 2006, 145:1-19. 

51. Shi Y-B: Dual functions of thyroid hormone receptors in vertebrate 
development: the roles of histone-modifying cofactor complexes. Thyroid 
2009, 19:987-999. 

52. Nakajima K, Yaoita Y: Dual mechanisms governing muscle cell death in 
tadpole tail during amphibian metamorphosis. Dev Dyn 2003, 227:246-255. 

53. Denver RJ, Hu F, Scanlan TS, Furlow JD: Thyroid hormone receptor 
subtype specificity for hormone-dependent neurogenesis in Xenopus 
laevis. Dev Biol 2009, 326: 1 55- 1 68. 

54. Bagamasbad P, Howdeshell KL, Sachs LM, Demeneix BA, Denver RJ: A role 
for basic transcription element-binding protein 1 (BTEB1) in the 
autoinduction of thyroid hormone receptor beta. J Biol Chem 2008, 
283:2275-2285. 

55. Schreiber AM, Mukhi S, Brown DD: Cell-cell interactions during 
remodeling of the intestine at metamorphosis in Xenopus laevis. Dev 
Biol 2009, 331:89-98. 

56. McKenna NJ, O'Malley BW: Combinatorial control of gene expression by 
nuclear receptors and coregulators. Cell 2002, 108:465-474. 

57. Horlein AJ, Naar AM, Heinzel T, Torchia J, Gloss B, Kurokawa R, Ryan A, 
Kamei Y, Soderstrom M, Glass CK, et al: Ligand-independent repression by 
the thyroid hormone receptor mediated by a nuclear receptor co- 
mpressor. Nature 1995, 377:397-404. 

58. Chen JD, Evans RM: A transcriptional co-repressor that interacts with 
nuclear hormone receptors. Nature 1995, 377:454-457. 

59. Burke LJ, Baniahmad A: Co-repressors 2000. FASEB J 2000, 14:1876-1888. 

60. Jones PL, Shi Y-B: N-CoR-HDAC corepressor complexes: Roles in 
transcriptional regulation by nuclear hormone receptors. In Current Topics 
in Microbiology and Immunology: Protein Complexes that Modify Chromatin. 
Volume 274. Edited by Workman JL. Berlin: Springer-Verlag; 2003:237-268. 

61. Glass CK, Rosenfeld MG: The coregulator exchange in transcriptional 
functions of nuclear receptors. Genes Dev 2000, 14:121-141. 



62. Ito M, Roeder RG: The TRAP/SMCC/Mediator complex and thyroid 
hormone receptor function. Trends Endocrinol Metab 2001, 12:127-134. 

63. Zhang J, Lazar MA: The mechanism of action of thyroid hormones. Annu 
Rev Physiol 2000, 62:439-466. 

64. Huang Z-Q, Li J, Sachs LM, Cole PA, Wong J: A role for cofactor-cofactor 
and cofactor-histone interactions in targeting p300, SWI/SNF and 
Mediator for transcription. EMBO J 2003, 22:2146-21 55. 

65. McKenna NJ, O'Malley BW: Nuclear receptors, coregulators, ligands, and 
selective receptor modulators: making sense of the patchwork quilt. Ann 
NY Acad Sri 2001, 949:3-5. 

66. Rachez C, Freedman LP: Mediator complexes and transcription. Curr Opin 
Cell Biol 2001, 13:274-280. 

67. Chen H, Lin RJ, Schiltz RL, Chakravarti D, Nash A, Nagy L, Privalsky ML, 
Nakatani Y, Evans RM: Nuclear receptor coactivator ACTR is a novel 
histone acetyltransferase and forms a multimeric activation complex 
with P/CAF and CBP/p300. Cell 1997, 90:569-580. 

68. Demarest SJ, Martinez-Yamout M, Chung J, Chen H, Xu W, Dyson HJ, Evans 
RM, Wright PE: Mutual synergistic folding in recruitment of CBP/p300 by 
pi 60 nuclear receptor coactivators. Nature 2002, 415:549-553. 

69. Onate SA, Tsai SY, Tsai MJ, O'Malley BW: Sequence and characterization of 
a coactivator for the steroid hormone receptor superfamily. Science 1995, 
270:1354-1357. 

70. Meng X, Yang YF, Cao X, Govindan MV, Shuen M, Hollenberg AN, Mymryk 
JS, Walfish PG: Cellular context of coregulator and adaptor proteins 
regulates human adenovirus 5 early region 1 A-dependent gene 
activation by the thyroid hormone receptor. Mol Endocrinol 2003, 

17:1095-1105. 

71 . Wahlstrom GM, Vennstrom B, Bolin MB: The adenovirus El A protein is a 
potent coactivator for thyroid hormone receptors. Mol Endocrinol 1999, 

13:1119-1129. 

72. Sato Y, Ding A, Heimeier RA, Yousef AF, Mymryk JS, Walfish PG, Shi Y-B: The 
adenoviral El A protein displaces corepressors and relieves gene 
repression by unliganded thyroid hormone receptors in vivo. Cell Res 
2009, 19:783-792. 

73. Perissi V, Jepsen K, Glass CK, Rosenfeld MG: Deconstructing repression: 
evolving models of co-repressor action. Nat Rev Genet 2010, 11:109-123. 

74. O'Malley BW, Malovannaya A, Qin J: Minireview: nuclear receptor and 
coregulator proteomics-2012 and beyond. Mol Endocrinol 2012, 26:1646-1650. 

75. Bulynko YA, O'Malley BW: Nuclear receptor coactivators: structural and 
functional biochemistry. Biochemistry 201 1, 50:313-328. 

76. McKenna NJ, Cooney AJ, DeMayo FJ, Downes M, Glass CK, Lanz RB, Lazar 
MA, Mangelsdorf DJ, Moore DD, Qin J, et al: Minireview: Evolution of 
NURSA, the Nuclear Receptor Signaling Atlas. Mol Endocrinol 2009, 
23:740-746. 

77. Shi YB, Matsuura K, Fujimoto K, Wen L, Fu L: Thyroid hormone receptor 
actions on transcription in amphibia: The roles of histone modification 
and chromatin disruption. Cell Biosci 2012, 2:42. 

78. Tomita A, Buchholz DR, Shi Y-B: Recruitment of N-CoR/SMRT-TBLRI 
corepressor complex by unliganded thyroid hormone receptor for gene 
repression during frog development. Mol Cell Biol 2004, 24:3337-3346. 

79. Sachs LM, Jones PL, Havis E, Rouse N, Demeneix BA, Shi Y-B: N-CoR 
recruitment by unliganded thyroid hormone receptor in gene repression 
during Xenopus laevis development. Mol Cell Biol 2002, 22:8527-8538. 

80. Sato Y Buchholz DR, Paul BD, Shi Y-B: A role of unliganded thyroid 
hormone receptor in postembryonic development in Xenopus laevis. 
Mech Dev 2007, 124:476-488. 

81 . Matsuda H, Paul BD, Choi CY, Hasebe T, Shi Y-B: Novel functions of protein 
arginine methyltransferase 1 in thyroid hormone receptor-mediated 
transcription and in the regulation of metamorphic rate in Xenopus 
laevis. Mol Cell Biol 2009, 29:745-757. 

82. Paul BD, Buchholz DR, Fu L, Shi Y-B: Tissue- and gene-specific recruitment 
of steroid receptor coactivator-3 by thyroid hormone receptor during 
development. J Biol Chem 2005, 280:27165-27172. 

83. Paul BD, Fu L, Buchholz DR, Shi Y-B: Coactivator recruitment is essential 
for liganded thyroid hormone receptor to initiate amphibian 
metamorphosis. Mol Cell Biol 2005, 25:5712-5724. 

84. Paul BD, Buchholz DR, Fu L, Shi Y-B: SRC-p300 coactivator complex is 
required for thyroid hormone induced amphibian metamorphosis. J Biol 
Chem 2007, 282:7472-7481. 

85. Havis E, Sachs LM, Demeneix BA: Metamorphic T3-response genes have 
specific co-regulator requirements. EMBO Rep 2003, 4:883-888. 



Hasebe et al. Cell & Bioscience 2013, 3:18 
http://www.cellandbioscience.eom/content/3/1 /1 8 



86. Paul BD, Shi Y-B: Distinct expression profiles of transcriptional 
coactivators for thyroid hormone receptors during Xenopus laevis 
metamorphosis. Cell Res 2003, 13:459-464. 

87. Shi Y-B, Brown DD: The earliest changes in gene expression in tadpole 
intestine induced by thyroid hormone. J Biol Chem 1 993, 268:2031 2-2031 7. 

88. Buchholz DR, Heimeier RA, Das B, Washington T, Shi Y-B: Pairing 
morphology with gene expression in thyroid hormone-induced 
intestinal remodeling and identification of a core set of TH-induced 
genes across tadpole tissues. Dev Biol 2007, 303:576-590. 

89. Heimeier RA, Das B, Buchholz DR, Shi YB: The xenoestrogen bisphenol A 
inhibits postembryonic vertebrate development by antagonizing gene 
regulation by thyroid hormone. Endocrinology 2009, 150:2964-2973. 

90. Heimeier RA, Das B, Buchholz DR, Fiorentino M, Shi YB: Studies on Xenopus 
laevis intestine reveal biological pathways underlying vertebrate gut 
adaptation from embryo to adult. Genome Biol 2010, 11:R55. 

91. Amano T, Yoshizato K: Isolation of genes involved in intestinal 
remodeling during anuran metamorphosis. Wound Repair Regen 1998, 
6:302-313. 

92. Matsuura K, Fujimoto K, Fu L, Shi Y-B: Liganded thyroid hormone receptor 
induces nucleosome removal and histone modifications to activate 
transcription during larval intestinal cell death and adult stem cell 
development. Endocrinology 2012, 153:961-972. 

93. Matsuura K, Fujimoto K, Das B, Fu L, Lu CD, Shi YB: Histone H3K79 
methyltransferase Dotl L is directly activated by thyroid hormone 
receptor during Xenopus metamorphosis. Cell Biosci 2012, 2:25. 

94. Fujimoto K, Matsuura K, Das B: Fu L. Shi YB: Direct Activation of Xenopus 
lodotyrosine Deiodinase by Thyroid Hormone Receptor in the Remodeling 
Intestine during Amphibian Metamorphosis. Endocrinology; 2012. 

95. Wang X, Matsuda H, Shi Y-B: Developmental regulation and function of 
thyroid hormone receptors and 9-cis retinoic acid receptors during 
Xenopus tropicalis metamorphosis. Endocrinology 2008, 149:5610-5618. 

96. Das B, Heimeier RA, Buchholz DR, Shi YB: Identification of direct thyroid 
hormone response genes reveals the earliest gene regulation programs 
during frog metamorphosis. J Biol Chem 2009, 284:341 67-341 78. 

97. Bilesimo P, Jolivet P, Alfama G, Buisine N, Le Mevel S, Havis E, Demeneix BA, 
Sachs LM: Specific histone lysine 4 methylation patterns define TR- 
binding capacity and differentiate direct T3 responses. Mol Endocrinol 
2011. 25:225-237. 

98. Sterling J, Fu L, Matsuura K, Shi Y-B: Cytological and morphological analyses 
reveal distinct features of intestinal development during Xenopus tropicalis 
metamorphosis. PLoS One 2012, 7:47401-47410. e47407. 

99. Kress E, Samarut J, Plateroti M: Thyroid hormones and the control of cell 
proliferation or cell differentiation: paradox or duality? Mol Cell Endocrinol 
2009, 313:36-49. 

100. Hasebe T, Buchholz DR, Shi YB, Ishizuya-Oka A: Epithelial-connective tissue 
interactions induced by thyroid hormone receptor are essential for adult 
stem cell development in the Xenopus laevis intestine. Stem Cells 201 1, 

29:154-161. 

101. Barrett JA, Rawloings ND, Woessner JF: Handbook of proteolytic enzymes. NY: 
Academic Press; 1998. 

1 02. Alexander CM, Werb Z: Extracellular matrix degradation. In Cell Biology of 
Extracellular Matrix. 2nd edition. Edited by Hay ED. New York: Plenum Press; 
1991:255-302. 

103. Birkedal-Hansen H, Moore WGI, Bodden MK, Windsor LT. Birkedal-Hansen B, 
DeCarlo A, Engler JA: Matrix metalloproteinases: a review. Crit Rev Oral Biol 
Med 1993, 4:197-250. 

104. McCawley LJ, Matrisian LM: Matrix metalloproteinases: they're not just for 
matrix anymore! Curr Opin Cell Biol 2001, 13:534-540. 

105. Parks WC, Mecham RP: Matrix metalloproteinases. New York: Academic 
Press; 1998. 

106. Nagase H: Cell surface activation of progelatinase A (proMMP-2) and cell 
migration. Cell Res 1998, 8:179-186. 

107. Pei D: Leukolysin/MMP25/MT6-MMP: a novel matrix metalloproteinase 
specifically expressed in the leukocyte lineage. Cell Res 1999, 9:291-303. 

108. Fu L, Das B, Mathew S, Shi YB: Genome-wide identification of Xenopus 
matrix metalloproteinases: conservation and unique duplications in 
amphibians. BMCGenomics 2009, 10:81. 

109. Uria JA, Werb Z: Matrix metalloproteinases and their expression in 
mammary gland. Cell Res 1998, 8:187-194. 

1 10. Overall CM: Molecular determinants of metalloproteinase substrate 
specificity. Mol Biotechnol 2002, 22:51-86. 



Page 9 of 10 



111. Mathew S, Fu L, Hasebe T, Ishizuya-Oka A, Shi YB: Tissue-dependent induction 
of apoptosis by matrix metalloproteinase stromelysin-3 during amphibian 
metamorphosis. Birth Defects Res C Embryo Today 201 0, 90:55-66. 

112. Gross J, Lapiere CM: Collagenolytic activity in amphibian tissues: A tissue 
culture assay. Proc Natl Acad Sci USA 1962, 48:1014-1022. 

1 1 3. Hasebe T, Hartman R, Matsuda H, Shi YB: Spatial and temporal expression 
profiles suggest the involvement of gelatinase A and membrane type 1 
matrix metalloproteinase in amphibian metamorphosis. Cell Tissue Res 
2006, 324:105-116. 

1 1 4. Patterton D, Hayes WP, Shi YB: Transcriptional activation of the matrix 
metalloproteinase gene stromelysin-3 coincides with thyroid hormone- 
induced cell death during frog metamorphosis. Dev Biol 1995, 167:252-262. 

1 1 5. Stolow MA, Bauzon DD, Li J, Sedgwick T, Liang VC, Sang QA, Shi YB: 
Identification and characterization of a novel collagenase in Xenopus laevis: 
possible roles during frog development. Mol Biol Cell 1996, 7:1471-1483. 

116. Wang Z, Brown DD: Thyroid hormone-induced gene expression program 
for amphibian tail resorption. J Biol Chem 1993, 268:16270-16278. 

1 1 7. Damjanovski S, Ishizuya-Oka A, Shi YB: Spatial and temporal regulation of 
collagenases-3, -4, and stromelysin - 3 implicates distinct functions in 
apoptosis and tissue remodeling during frog metamorphosis. Cell Res 

1999, 9:91-105. 

118. Fu L, Tomita A, Wang H, Buchholz DR, Shi Y-B: Transcriptional regulation of 
the Xenopus laevis stromelysin-3 gene by thyroid hormone is mediated 
by a DNA element in the first intron. J Biol Chem 2006, 281:16870-16878. 

119. Ishizuya-Oka A, Ueda S, Shi Y-B: Transient expression of stromelysin-3 
mRNA in the amphibian small intestine during metamorphosis. Cell 
Tissue Res 1996, 283:325-329. 

120. Ishizuya-Oka A, Li Q, Amano T. Damjanovski S, Ueda S, Shi Y-B: 
Requirement for matrix metalloproteinase stromelysin-3 in cell migration 
and apoptosis during tissue remodeling in Xenopus laevis. J Cell Biol 

2000, 150:1177-1188. 

121. Fu L, Buchholz D, Shi YB: Novel double promoter approach for 
identification of transgenic animals: A tool for in vivo analysis of gene 
function and development of gene-based therapies. Mol Reprod Dev 
2002, 62:470-476. 

122. Fu L, Ishizuya-Oka A, Buchholz DR, Amano T, Matsuda H, Shi YB: A causative 
role of stromelysin-3 in extracellular matrix remodeling and epithelial 
apoptosis during intestinal metamorphosis in Xenopus laevis. J Biol Chem 
2005, 280:27856-27865. 

123. Murphy G, Segain J-P, O'Shea M, Cockett M, loannou C, Lefebvre 0, 
Chambon P, Basset P: The 28-kDa N-terminal domain of mouse 
stromelysin-3- has the general properties of a weak metalloproteinase. 
J Biol Chem 1 993, 268:1 5435-1 5441 . 

1 24. Pei D, Majmudar G, Weiss SJ: Hydrolytic inactivation of a breast 
carcinoma cell-derived serpin by human stromelysin-3. J Biol Chem 
1994, 269:25849-25855. 

125. Manes S, Mira E, Barbacid MD, Cipres A, FernandezResa P, Buesa JM, Merida 
I, Aracil M, Marquez G, Martinez C: Identification of insulin-like growth 
factor-binding protein-1 as a potential physiological substrate for human 
stromelysin-3. J Biol Chem 1997, 272:25706-25712. 

126. Amano T, Kwak O, Fu L, Marshak A, Shi Y-B: The matrix metalloproteinase 
stromelysin-3 cleaves laminin receptor at two distinct sites between the 
transmembrane domain and laminin binding sequence within the 
extracellular domain. Cell Res 2005, 15:150-159. 

127. Amano T, Fu L, Marshak A, Kwak O, Shi YB: Spatio-temporal regulation and 
cleavage by matrix metalloproteinase stromelysin-3 implicate a role for 
laminin receptor in intestinal remodeling during Xenopus laevis 
metamorphosis. Dev Dyn 2005. 234:190-200. 

128. Mathew S, Fu L, Fiorentino M, Matsuda H, Das B, Shi Y-B: Differential 
regulation of cell type specific apoptosis by stromelysin-3: A potential 
mechanism via the cleavage of the laminin receptor during tail 
resorption in Xenopus laevis. J Biol Chem 2009, 284:18545-18556. 

129. Ramalho-Santos M, Melton DA, McMahon AP: Hedgehog signals regulate 
multiple aspects of gastrointestinal development. Development 2000, 
127:2763-2772. 

130. Kim TH, Kim BM, Mao J, Rowan S, Shivdasani RA: Endodermal Hedgehog 
signals modulate Notch pathway activity in the developing digestive 
tract mesenchyme. Development 201 1, 138:3225-3233. 

131. Stolow MA, Shi YB: Xenopus sonic hedgehog as a potential morphogen 
during embryogenesis and thyroid hormone-dependent metamorphosis. 
Nucleic Acids Res 1995, 23:2555-2562. 



Hasebe et al. Cell & Bioscience 2013, 3:18 
http://www.cellandbioscience.eom/content/3/1 /1 8 



Page 10 of 10 



132. Ishizuya-Oka A, Ueda S, Inokuchi T, Amano T, Damjanovski S, Stolow M, Shi 
Y-B: Thyroid hormone-induced expression of Sonic hedgehog correlates 
with adult epithelial development during remodeling of the Xenopus 
stomach and intestine. Differentiation 2001, 69:27-37. 

1 33. Hasebe T, Kajita M, Fu L, Shi YB, Ishizuya-Oka A: Thyroid hormone-induced 
sonic hedgehog signal up-regulates its own pathway in a paracrine 
manner in the Xenopus laevis intestine during metamorphosis. Dev Dyn 
2012, 241:403-414. 

1 34. Ishizuya-Oka A, Ueda S, Amano T, Shimizu K, Suzuki K, Ueno N, Yoshizato K: 
Thyroid-hormone-dependent and fibroblast-specific expression of BMP-4 
correlates with adult epithelial development during amphibian intestinal 
remodeling. Cell Tissue Res 2001, 303:187-195. 

135. Ishizuya-Oka A, Hasebe T, Shimizu K, Suzuki K, Ueda S: Shh/BMP-4 signaling 
pathway is essential for intestinal epithelial development during 
Xenopus larval-to-adult remodeling. Dev Dyn 2006, 235:3240-3249. 

136. Perrimon N: Hedgehog and beyond. Cell 1995, 80:517-520. 

1 37. Roberts DJ, Johnson RL, Burke AC, Nelson CE, Morgan BA, Tabin C: Sonic 
hedgehog is an endodermal signal inducing Bmp-4 and Hox genes 
during induction and regionalization of the chick hindgut. Development 
1995, 121:3163-3174. 

1 38. Ingham PW: Transducing Hedgehog: the story so far. EMBO J 1 998, 
17:3505-3511. 

1 39. Young JJ, Cherone JM, Doyon Y, Ankoudinova I, Faraji FM, Lee AH, Ngo C, 
Guschin DY, Paschon DE, Miller JC, et at Efficient targeted gene disruption in 
the soma and germ line of the frog Xenopus tropicalis using engineered 
zinc-finger nucleases. Proc Natl Acad Sci USA 201 1, 1 08:7052-7057. 

140. Lei Y, Guo X, Liu Y, Cao Y, Deng Y, Chen X, Cheng CH, Dawid IB, Chen Y, 
Zhao H: Efficient targeted gene disruption in Xenopus embryos using 
engineered transcription activator-like effector nucleases (TALENs). 
Proc Natl Acad Sci USA 201 2, 1 09:1 7484-1 7489. 



doi:10.1 186/2045-3701-3-18 

Cite this article as: Hasebe et al:. Thyroid hormone-induced cell-cell 
interactions are required for the development of adult intestinal stem 
cells. Cell & Bioscience 2013 3:18. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at f \ n! _, ul _-| r Q r,tr=l 

www.biomedcentral.com/submit •»""<"«• central 



V 



